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doi:10.1016/j.jtcvs.2005.09.056bjective: Impaired ventricular function after cardiopulmonary bypass and surgical
epair remains a commonly encountered clinical problem. We hypothesized that the
ell-described impairment of calcium cycling after cardiac surgery would signifi-
antly affect the ventricular myocardial force-frequency relationship, which can be
easured noninvasively by using the tissue Doppler echocardiography–derived
ndex of contractility isovolumic acceleration.
ethods: Children undergoing repair of congenital heart defects were studied.
ate-related changes in contractility were measured by means of simultaneous atrial
acing and tissue Doppler echocardiography preoperatively and postoperatively.
esults: Although closure of atrial septal defect did not affect ventricular myocar-
ial systolic performance, closure of ventricular septal defect lead to a marked
ostoperative decrease of basal contractile force (2.0  0.7 m/s2 preoperatively vs
.0  0.7 m/s2 postoperatively, P  .02). Furthermore, the force-frequency rela-
ionship curves were significantly different (P  .001), with a reduced force-rate
rajectory, and also peak force was attained. Neonates undergoing the arterial switch
rocedure showed the most marked postoperative decrease of isovolumic acceler-
tion at basal heart rates and force-frequency relationship with reduced trajectory
nd peak force development (P  .0001).
onclusions: This is the first clinical study describing the noninvasive acquisition of
entricular force-frequency relationships in children undergoing operations for
ongenital heart disease. There is a marked variability in response, ranging from no
ffect in patients undergoing atrial septal defect closure to a profound reduction in
yocardial contractile responses after neonatal arterial switch. This simple nonin-
asive method allows measurement of a hitherto rarely examined property of the
yocardium, an understanding of which might allow refinement of myocardial
rotection and postoperative myocardial support.
ost evidence points toward rate-related changes in calcium cycling within
the cardiomyocyte as the underlying subcellular mechanism for the force-
frequency relationship (FFR) or treppe effect.1,2 First described by Bowd-
tch,3 this intrinsic property of cardiac muscle to alter contractile force with changes
n heart rate has been shown in in vitro experiments4 and invasive clinical studies
o be impaired in disease states, such as dilated and ischemic cardiomyopathy5,6 and
entricular hypertrophy.7 We have recently shown that it is possible to measure the
FR of the left and right ventricle in an animal model by using the novel tissue
oppler-derived index of contractility, isovolumic acceleration (IVA).8,9 This non-
nvasive method can be easily applied in the clinical situation and should allow new
nsights into human myocardial disease.
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DImpaired ventricular function after cardiopulmonary by-
ass and surgical repair remains a commonly encountered
linical problem. We hypothesized that the well-described
mpairment of calcium cycling after cardiopulmonary by-
ass10 would significantly affect the measured ventricular
yocardial FFR. The ability to measure this physiologic
roperty in children undergoing cardiac surgery would not
nly increase our knowledge of postoperative changes in
yocardial contractility but also potentially guide modifi-
ation of ventricular function by therapeutic changes in
eart rate and inotropic support. The aim of this initial study
as to examine the changes in the FFR in the early post-
perative period in selected groups of children undergoing
PB and surgical repair of congenital heart defects.
ethods
atients
he study protocol was approved by the institution’s research
thics board. Informed consent was obtained before enrollment in
he study. All subjects were studied after achievement of general
nesthesia at the time of surgical repair. Cardiopulmonary bypass
echniques with blood cardioplegia were standardized for all pa-
ients. Muscle relaxants were used in all patients, with mainte-
ance of anesthesia obtained by using a combination of intrave-
ous fentanyl and inhaled isoflurane. Patients undergoing Fontan
ompletion after a previous Glenn shunt, neonates undergoing the
rterial switch procedure for transposition of the great arteries
TGA), and patients requiring surgical repair of atrial septal de-
ects (ASDs), ventricular septal defects (VSDs), or tetralogy of
allot (TOF) were studied. This population thus provided patients
ith a range of ages and also varying durations of bypass and
rossclamp times. The degree of inotropic support was quantified
y using a scoring system calculated as the sum of all inotrope
oses, correcting for potency.11,12
chocardiography
ur method has been previously described.8,9 Briefly, tissue Dopp-
er imaging (TDI) was performed by using a System V ultrasound
canner (GE Vingmed) with a 5-MHz or 10-MHz probe. The heart
as imaged from a transthoracic apical 4-chamber view preoper-
tively and postoperatively, and imaging parameters were opti-
ized to yield the highest frame rate possible (165 frames per
econd). Color-coded myocardial velocities were recorded from
he basal midwall immediately below (0.5 cm) the insertion of the
ural leaflet of the atrioventricular valve of the dominant ventricle
Abbreviations and Acronyms
ASD  atrial septal defect
FFR  force-frequency relationship
IVA  isovolumic acceleration
TDI  tissue Doppler imaging
TGA transposition of the great arteries
TOF  tetralogy of Fallotn those patients with univentricular hearts and of the left ventricle B
26 The Journal of Thoracic and Cardiovascular Surgery ● Marcn those patients with biventricular hearts. Recordings were made
imultaneously with electrocardiography. A cineloop of at least 3
onsecutive cardiac cycles coinciding with end expiration was
tored digitally for offline analysis.
acing Protocol
reoperatively, patients were studied in the operating room after
nduction of anesthesia and insertion of monitoring lines. Subjects
ere atrially paced through the transesophageal route with a 5F
ipolar catheter (TAPCATH 205, CardioCommand, Inc) con-
ected to a high-output pulse generator (model 2380, Medtronic).
he optimum depth of insertion was judged from the size of the
trial signal.13 Echocardiographic measurements were made at
he resting nonpaced heart rate and during atrial pacing from the
esting heart rate plus 5 beats/min up to a maximum of 200
eats/min in increments of 10 beats/min. Studies were stopped if
ystemic blood pressure decreased by 30% of baseline or atrio-
entricular block occurred.
Postoperatively, patients were studied at 3, 6, 12, and 24 hours,
rovided the patients remained intubated, sedated, and ventilated.
acing was through the epicardial route using the temporary right
trial pacing wires placed routinely at the time of operation and
onnected to an external pulse generator (model 5388, Medtronic).
he pacing protocol was identical to that used preoperatively.
lood Sampling
rterial blood samples were taken coincident with echocardio-
raphic assessments and analyzed for acid-base status, levels of
actate, and ionized calcium.
ata Analysis
chopac software (GE Vingmed) was used to analyze the stored
DI data by using our previously described method.8,9 The result-
ng Doppler spectrum was displayed and analyzed by using com-
ercially available software (Echopac, GE Vingmed). Systolic
jection (s velocity), as well as IVA, were measured with elec-
ronic calipers. Acceleration was calculated as the difference be-
ween baseline and peak velocity divided by the time interval. We
ave previously published interobserver and intraobserver vari-
bility data for the measurement of IVA. There was a 9.8% 
.8% interobserver and 5.7%  4.6% intraobserver variability of
easurement of IVA, with satisfactory Bland-Altman analysis of
nterobserver variability.9 The maximal percentage change in IVA
rom the preoperative study after cardiopulmonary bypass was
aken at the lowest comparable postoperative heart rate with the
owest value of IVA.
tatistical Analysis
ata are expressed as means  standard deviation. In the figures
ata are displayed as means  standard error of the mean. Age at
he time of the operation, bypass times, time to extubation, and
notropic scores were analyzed by means of 1-way analysis of
ariance with post-hoc Bonferroni comparison. TDI-derived FFR
urves at 2 different time intervals within a patient group were
ompared by means of 2-way analysis of variance with post-hoc
onferroni comparison. Those with more than 2 curves were
nalyzed by means of 1-way analysis of variance with post-hoc
onferroni comparison. Correlation was performed with the Pear-
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Don method. Data were analyzed with Graphpad Prism (GraphPad
oftware, Inc).
esults
atients
ll 11 neonates (age, 10  6 days) with TGA had the usual
oronary pattern, and only one had a small VSD, which was
losed during surgical intervention. All 11 underwent un-
omplicated arterial switch procedures. There were 4 pa-
ients with ASDs (age, 3.4  1.2 years) that were closed
ither by means of direct suture or patch closure. The 11
atients with VSDs (age, 2.0 2.5 years) underwent repairs
y means of patch closure through a transatrial approach.
here were 5 patients with TOF (age, 0.4  0.1 years), all
f whom underwent repair by means of a transatrial
ranspulmonary approach. The 10 patients with functionally
ingle ventricles (age, 4.5 1.5 years) all underwent Fontan
ompletion with a fenestrated extracardiac conduit with
n  3) or without (n  7) aortic crossclamps. As expected,
he TGA group was significantly younger than all the other
roups studied. Comparison of age between the other 4
roups showed no significant difference.
Age, bypass and aortic crossclamp times, inotrope scores
t 3 hours postoperatively, and time to extubation are shown
n Table 1. Only inotrope scores at 3 hours postoperatively
re shown for comparison because in some groups patients
ere extubated and weaned from inotropic support early in
he postoperative period. The mean inotropic score for the
GA group (15.3  0.9) was significantly greater than for
he ASD (0 0, P .001), VSD (8.8 3.0, P .001) and
OF (11.8 3.2, P .05) groups. There was no significant
ifference between the TGA and Fontan groups (13.2 3.9,
 .05) or between the TOF and Fontan groups (P  .05).
he VSD group had significantly lower inotrope scores than
he Fontan group (P  .01). Mean bypass times for the
atients with TGA were significantly longer than those of
he patients with ASDs (P  .05), but there was no differ-
nce in comparison with any other group. Although there
as no significant difference between the aortic crossclamp
ABLE 1. Mean  SD age, bypass and crossclamp dur
ostoperatively for each diagnostic group
ASD (n  4)
ge (y) 3.4 1.2
ypass duration (min) 35 9
rossclamp duration (min) 16 17‡
ime to extubation (h) 5.3 2.3
notrope score at 3 h postop (g · kg1 · min1) 0  0
SD, Atrial septal defect; VSD, ventricular septal defect; TOF, tetralogy of
roups. †P  .05 versus ASD group but no difference versus any other p
horter than the other 3 groups (P  .05). §Significantly longer time to ext
Significantly greater than scores for ASD and VSD groups (P  .001 forurations for patients with ASDs and those undergoing the
The Journal of Thoracicontan procedure, these were significantly shorter than in the
ther 3 groups (P  .05). There was no significant difference
mong these latter 3 groups.
No patients were receiving inotropic infusions preoper-
tively, and none of the patients with ASDs received ino-
ropic drugs postoperatively.
Time to extubation was significantly longer in the TGA
roup in comparison with that seen in all other groups (P 
001 vs the ASD, VSD, and Fontan groups and P  .01 vs
he TOF group). There was no significant difference among
he other 4 groups.
At the time of each study, arterial blood samples showed
H and levels of ionized calcium to be within the normal
anges. There were no differences in inotrope scores or time
o extubation in those patients undergoing Fontan comple-
ion with or without aortic crossclamping.
orce-frequency Relationships
he measurements of changes in IVA with pacing-induced
achycardia for each patient group are shown in Figures 1
hrough 5. For the patients undergoing ASD repair (Figure 1)
Figure 1. Pacing-induced changes in isovolumic acceleration
(IVA) for patients undergoing surgical repair of atrial septal
ns, time to extubation, and inotrope scores at 3 hours
VSD (n  11) TOF (n  5) Fontan (n  10) TGA (n  11)
2.0  2.5 0.37 0.1 4.3 1.5 0.03  0.02*
82  26 98  23 80  49 105  31†
55  14 62  16 9 20‡ 61  26
12.5 10.4 22.6 6.7 13.1 12.9 52.2  20§
8.8 3.0¶ 11.8 3.2 13.2 3.9 15.3  0.9
TGA, transposition of the great arteries. *P  .05 versus all other patient
group. ‡No difference between ASD and Fontan groups but significantly
n (P  .001 vs ASD, VSD, and Fontan groups and P  .01 vs TOF group).
and also TOF group (P  .05). ¶Significantly lower than Fontan group.atio
Fallot;
atient
ubatiodefect (ASD). Error bars represent standard error of the mean.
and Cardiovascular Surgery ● Volume 131, Number 3 627
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Dnd Fontan completion (Figure 2), only preoperative and
-hour postoperative measurements are shown because
here were so few patients with later postoperative measure-
ents. There were no significant differences between mea-
urements of preoperative and postoperative FFR within
ach of these groups. There was no difference in the post-
perative FFRs in patients in the Fontan group undergoing
epair with and without aortic crossclamping.
Comparison of the preoperative and 3-hour postoperative
ata for the VSD group (Figure 3), however, shows there to
e a marked decrease of basal (heart rate of 130 beats/min)
ontractility (2.0  0.7 m/s2 preoperatively vs 1.0  0.7 m/s2
ostoperatively, P  .02). Furthermore, the FFR curves are
ignificantly different (P  .0001), with a reduced force-rate
rajectory, and also peak contractility was attained.
igure 2. Pacing-induced changes in isovolumic acceleration
IVA) for patients undergoing Fontan completion. Error bars rep-
esent standard error of the mean.
igure 3. Pacing-induced changes in isovolumic acceleration
IVA) for patients undergoing surgical repair of ventricular septal
efect (VSD). Error bars represent standard error of the mean. s
28 The Journal of Thoracic and Cardiovascular Surgery ● MarcData from the TOF group (Figure 4) similarly show a
arked decrease of basal contractile force and also a pro-
ound change in the FFR. It is difficult, however, to compare
hese changes statistically because all of the patients in this
roup were relatively tachycardic compared with preopera-
ive assessment.
The TGA group data (Figure 5) show the most marked
ecrease of IVA at basal heart rates, with reduced trajectory
nd development of peak contractility postoperatively. The
ostoperative FFR curves were significantly different from
he preoperative assessment (P  .001 for preoperative
alues vs both 6 and 24 hours postoperatively, 1-way anal-
sis of variance with post-hoc Bonferroni comparison).
lthough there was some improvement in peak contractility
igure 4. Pacing-induced changes in isovolumic acceleration
IVA) for patients undergoing surgical repair of tetralogy of Fallot.
rror bars represent standard error of the mean.
igure 5. Pacing-induced changes in isovolumic acceleration
IVA) for patients with transposition of the great arteries (TGA)
ndergoing the arterial switch procedure. Error bars represent
tandard error of the mean.
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Developed at 24 hours compared with 6 hours postopera-
ively, this was not statistically significant (P  .05). There
ere no significant changes in inotropic scores at 3, 6, 12,
nd 24 hours postoperatively (15.3  0.9, 12.9  4.1, 16.4 
.4, and 12.9  3.9, respectively; P  .20).
Velocity
ata for s velocity of the TGA group are shown for com-
arison (Figure 6). It was not possible to demonstrate the
yocardial FFR with measurements of s velocity. There
ere, however, significant differences in the s velocity
easurements at the time intervals displayed. Preoperative
alues and those at 24 hours postoperatively were signifi-
antly greater than at 6 hours postoperatively (P .001 and
 .01, respectively).
ercentage Change in IVA
he maximal percentage change in IVA was compared with
he duration of cardiopulmonary bypass and also the dura-
ion of aortic crossclamping. There was no significant cor-
elation between change in IVA and the duration of bypass
r  0.05, P  .8). There was, however, a weak but
ignificant correlation between percentage change in IVA
nd the duration of aortic crossclamping (r  0.3, P 
05, Figure 7).
iscussion
or the first time, using the noninvasively determined tissue
oppler–derived index of contractility IVA, we have dem-
nstrated the feasibility of studying the FFR in children
ndergoing cardiac surgery. This study shows the deleteri-
us effect of the process of cardiac surgery on the human
igure 6. Pacing-induced changes in s velocity for patients with
ransposition of the great arteries (TGA). Error bars represent
tandard error of the mean.entricular myocardial FFR in vivo, with decreases of both i
The Journal of Thoracicasal and also rate-related changes in contractility. The
egree of impairment of this intrinsic myocardial property is
ariable between and within the anatomic subgroups and
nderscores the importance of assessing heart raterelated
hanges in postoperative myocardial function.
ostoperative Basal Contractile Function
lthough the detrimental effects of ischemia and reperfusion
n ventricular performance are well described,10 clinical as-
essment of postoperative contractile function is complicated
y significantly altered loading conditions.14 Analysis of
entricular pressure-volume data remains the gold standard
or assessment; however, this is an invasive technique re-
uiring specialized equipment and is impractical in the
ntensive care unit setting.15 We have recently validated the
ovel tissue Dopplerderived index, IVA, as a measure of
entricular contractile function. IVA is sensitive to contrac-
ile change and relatively independent of changes in loading
onditions8,9 over a physiologic range that might be ex-
ected postoperatively. It can also describe the myocardial
FR and therefore is potentially ideal for describing post-
perative changes in function related to crossclamping and
PB. Indeed, most patients experienced an increase in heart
ate after surgical intervention, and therefore we chose to
xpress changes in basal contractile function as changes in
VA at the basal heart rate postoperatively compared with
VA measured at that heart rate, with atrial pacing measured
reoperatively.
Patients after ASD repair showed no significant differ-
nce in basal contractile function, suggesting little effect of
he effect of aortic crossclamping and cardioplegia com-
ined with a short period of CPB. It is important to note that
he patients with ASDs were not receiving inotropic agents.
ll patients in the other groups were receiving inotropes
hen evaluated. Thus the lack of any change in basal IVA
igure 7. Comparison of maximal percentage change in isovolu-
ic acceleration (IVA) with duration of cardiopulmonary bypass
nd aortic crossclamp time. The best-fit line for comparison with
ortic crossclamp duration is shown (r  0.3, P < .05).n the Fontan group is difficult to interpret because the
and Cardiovascular Surgery ● Volume 131, Number 3 629
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Dnotropic therapy score for this group was relatively high,
erhaps normalizing myocardial dysfunction induced by
urgical repair.16 Nonetheless, it is likely that any degree of
ysfunction was less than in the TGA and TOF groups, in
hom inotropic therapy scores were not significantly dif-
erent and reduction in basal IVA was significantly greater.
ecause the degree of myocardial injury after ischemia-
eperfusion injury is related to the duration of ischemia,10
e postulate that this observation is in part due to the
horter aortic crossclamp and bypass durations for this
atient group. Indeed, there was a weak but significant
orrelation between percentage change in IVA after surgical
ntervention and duration of aortic crossclamping. The re-
ponses of individual patients to the process of cardiac sur-
ery will invariably be somewhat idiosyncratic, however.
ntergroup Differences in Perioperative FFR
here were also differences between the patient groups
tudied in terms of relative change in the FFR. There were
o significant changes in the FFR curves postoperatively in
ither the Fontan or the ASD groups, whereas there were
arked changes in all other groups. The same consider-
tions regarding the effect of inotropic support or lack of it
ertain to the interpretation of changes in FFR. However, it
s quite clear that patients after VSD closure, repair of TOF,
nd, in particular, after the arterial switch procedure have
ignificantly greater myocardial dysfunction.
We studied patients with different diagnoses that are
outinely repaired at different ages and are associated with
arying degrees of preoperative shunting and cyanosis. The
ffect of preoperative cyanosis on the myocardial response
o ischemia and reperfusion is uncertain. We therefore in-
luded patients with VSDs to provide a comparative group
or those with TOF. The degree of postoperative disruption
o the FFR was comparable between these 2 groups, dem-
nstrating minimal effect of preoperative cyanosis.
The transposition group showed differences in heart rate–
elated changes in IVA and s velocity. As in our validative
tudies, the ejection-phase index, s velocity, did not change
ignificantly with increasing heart rate. This is presumably
ue to the greater dependence of this ejection-phase index
n preload17 and its inability to track the FFR. In the
bsence of any significant change in inotrope score, the 3
urves (Figure 6) did show a significant progression, with a
adir at 6 hours and a significant degree of recovery at 24
ours postoperatively, which mirrors the changes in cardiac
ndex described by Wernovsky and colleagues.11 These
hanges in s velocity are difficult to interpret in the absence
f other hemodynamic data, but the lack of change in IVA
ould indicate that this progression is not due to an im-
rovement in intrinsic contractility. Although speculative,
e would suggest the changes in systemic vascular resis-ance described by Wernovsky and colleagues might ex- s
30 The Journal of Thoracic and Cardiovascular Surgery ● Marclain these observed changes in s velocity because this
jection-phase index is known to be affected by changes in
fterload.
We hypothesize therefore that the improvement in car-
iac index described by Wernovsky and colleagues11 ap-
ears not to be based on improved contractility but rather is
ue to the favorable change in afterload.
echanism of Dysfunction
nalysis of FFRs allows insights into the cellular basis of
yocardial dysfunction. The FFR is a manifestation of calcium
ycling within the cardiomyocyte, as demonstrated by in vitro
tudies with calcium-sensitive dyes.18 The function of spe-
ific proteins involved in calcium cycling, such as the aden-
sine triphosphate–sensitive sarcoendoplasmic reticulum
alcium channel, have been shown to be decreased after
ardiopulmonary bypass.19 This protein is intimately in-
olved in the process of excitation-contraction coupling.
he effect of increasing stimulation rate is thought to be an
ncrease in activity of sarcoplasmic reticulum Ca2-ATPase
SERCA) through phosphorylation by calcium-dependent
almodulin kinase.20 The rate-dependent intracellular flux
f calcium can be demonstrated through the use of calcium
yes, such as aequorin.1 Therefore, as we hypothesized, we
emonstrated impairment of the ventricular myocardial FFR
fter cardiopulmonary bypass that appears to correlate with
he degree of injury induced by ischemia and reperfusion
ather than cardiopulmonary bypass–induced effects.
tudy Limitations
he duration of cardiopulmonary bypass and crossclamping
as variable within and between groups. Despite this inho-
ogeneity, however, we were able to demonstrate consis-
ent responses for each of these patient groups.
Inherent to any study of postsurgical responses in pa-
ients with different diagnoses is the difference in age at the
ime of repair. To examine the possible effect of age on
erioperative change in the myocardial FFR, because all of
he patients with TGA underwent repair in the neonatal
eriod, we included patients with TOF as a comparison
roup. These were relatively older children but with a
omparable degree of cyanosis. At least in the early post-
perative period, these 2 groups showed a similar pattern of
erioperative myocardial response. Indeed, contractile dys-
unction persists at 24 hours postoperatively in both groups.
hese 2 groups of patients are clearly not directly compa-
able because most of the postnatal changes in myocardial
unction are complete by 2 months of age. In a study of this
ature, however, it is difficult to make direct comparisons of
he effect of age on any change in FFR, and this factor
hould be considered in interpreting these data.
The repair of lesions with different levels of intracardiac
hunting has contrasting implications for ventricular geom-
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Dtry and loading conditions. Assessment of ventricular func-
ion postoperatively therefore needs to account for these
hanges when comparing different patient groups. This fac-
or further emphasizes the need for indices, such as IVA,
hich is relatively independent of changes in loading con-
itions within a physiologic range. Nonetheless, the re-
ponses of contractile indices, including IVA, are difficult to
alidate in human subjects, in which a complex interplay of
hanges in loading conditions and myocardial contractility
re often interrelated. However, in our previous study we
ave shown IVA and dP/dtmax to react similarly in an
xperimental analysis of the FFR,9 and we have also shown
he percentage change in IVA to correlate significantly with
he percentage change in end-systolic elastance in human
ubjects after congenital cardiac surgery.21
Although there is strong evidence to support myocyte
alcium cycling as being the underlying mechanism for the
yocardial FFR and its abnormalities, we have not shown
oncurrent changes in the rate of calcium cycling after
ardiopulmonary bypass in this study. There are currently,
owever, no easily applicable techniques to measure acute
hanges in calcium flux in vivo clinically.
onclusions
or the first time, we have demonstrated in vivo the peri-
perative changes in the ventricular myocardial FFR. The
ovel tissue Doppler–derived index, IVA, can be used at the
edside to examine contractility. The technique of assess-
ent of the myocardial contractile response to pacing pro-
ides a simple noninvasive method to measure a hitherto
arely examined property of the myocardium in vivo.
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